single-cell quantitative real-time pcr (qrt-pcr) combined with high-throughput arrays allows the analysis of gene expression profiles at a molecular level in approximately 11 h after cell sample collection. We present here a high-content microfluidic real-time platform as a powerful tool for comparatively investigating the regulation of developmental processes in single cells. this approach overcomes the limitations involving heterogeneous cell populations and sample amounts, and may shed light on differential regulation of gene expression in normal versus disease-related contexts. Furthermore, high-throughput single-cell qrt-pcr provides a standardized, comparative assay for in-depth analysis of the mechanisms underlying human pluripotent stem cell self-renewal and differentiation.
IntroDuctIon
Novel genomic technologies have paved the way for a more detailed understanding of fundamental cell biology processes in the past few decades. However, this experimental background is mainly based on analyzing pools of several thousand cells, which limits in-depth analysis of cell differentiation, disease mechanisms and the regulatory function underlying the transcriptome. Single-cell qRT-PCR, a rapidly evolving tool, can address individual cellular units [1] [2] [3] [4] [5] [6] [7] . Minority cell populations are particularly important for disease-relevant questions related to stem cell differentiation and cancer, and single-cell qRT-PCR proves to be especially useful in these contexts. In general, single cells are small and compartmentalized units characterized by numerous transcriptional variations and an increase in gene expression noise 3, [8] [9] [10] . The functional redundancy between genes of any cell type may account for varying gene expression levels and differences in the biological outcome, respectively. At the same time, variability may be averaged out to guarantee sufficient expression levels of critical genes at all time. Likely, these processes are subject to tight functional control by dynamic and reversible regulatory mechanisms 1 . Although several approaches have been developed to analyze heterogeneity in single cells [11] [12] [13] , a more comprehensive understanding of these issues requires high-throughput approaches that can dissect molecular mechanisms in a homogeneous system of single-cell populations 11 . Microfluidic chips are a powerful approach for comparatively measuring and characterizing whole transcriptome patterns at high resolution 7, 14 . Recently, microfluidic real-time arrays have been used for gene expression profiling of human induced pluripotent stem cells (hiPSCs) 15 , providing a new platform for quantitatively evaluating the features of hiPSCs by analyzing the expression of a large pluripotency and differentiation markers panel on the basis of single cells 16 .
Reprogramming of somatic cells to an induced pluripotent state using defined factors offers substantial advantages over the application of human embryonic stem cells (hESCs) 17 . Although they are considered the 'gold standard' , hESCs are also compromised by ethical concerns and limited availability. By contrast, patientderived hiPSCs avoid these pitfalls and therefore hold great promise for drug discovery, genetic correction and regenerative medicine. However, before hiPSCs can be safely applied in human patients, the mechanisms behind hiPSCs' pluripotency, self-renewal and differentiation need to be further explored.
Here we describe in detail a microfluidic platform for the evaluation of gene expression profiles in single pluripotent cells 15 , thereby providing vital information on variations in pluripotency within a defined population of cells, such as an hiPSC colony. Therefore, this technique will allow in-depth analysis of pluripotent cell fate with regard to monitoring the proliferation and survival of hiPSCs in animal models by in vivo imaging, as only relatively small numbers of cells need to be extracted and characterized. hiPSC and hESC gene expression profiles can be directly compared, as performed recently using microfluidic real-time arrays 15 . In this direct evaluation of hiPSCs versus hESCs, marked heterogeneity was seen at the single-cell level for hiPSCs, which may account for their less consistent cardiac and endothelial cell differentiation efficiency, as well as a slower proliferation rate in vivo.
Comparison and limitations
Microfluidic single-cell qRT-PCR reveals gene expression differences among different types of single cells, such as those present in pluripotent stem cell colonies. Currently, researchers explore a growing range of methods for the functional analysis of heterogeneity in single stem cells, such as live imaging or genetic labeling 18, 19 . Other available methods include microfluidic real-time PCR on chips 14, 20 or microdroplet-based microfluidic technology 21 . The former is suitable for applications such as large-scale profiling comparing gene expression levels in different tissues or single cells, whereas the latter provides an alternative approach for real-time gene expression profiling in small pools of cells. In contrast, this protocol covers microfluidic real-time analysis of gene expression on a single-cell basis, thereby providing a novel approach for testing large numbers of cells and genes of interest simultaneously and in a high-throughput manner. Here we also feature the application of microfluidic single-cell qRT-PCR for hiPSCs and hESCs, which are the subjects of a new and thriving research field. Although other current applications focus , an advantage of this protocol lies in its general and wide applicability to experimental setups, even when the amounts of starting material are limiting. Generating data quality that rivals benchmark real-time qPCR results, the microfluidic single cell gene expression platform presented here surpasses the classical approach of RNA isolation from a pool of cells, as it offers the unique opportunity of addressing possible cell population heterogeneity. Overall, this platform allows quantitative high-content analysis and comparison of variations in gene expression patterns at the single-cell level. A potential limitation of this method is the requirement of a sufficient number of replicates to achieve statistically conclusive data on a single-cell level.
Overall, various fields including early developmental biology, systems biology and molecular medicine will benefit from this technology, especially when limited numbers of cells are available for analysis [22] [23] [24] [25] . Researchers are only beginning to explore the potentially vast possibilities presented by this state-of-the-art microfluidic single-cell gene expression profiling in order to elucidate some fundamental yet complex biological processes, such as cellular selfrenewal and differentiation, transcriptional control, variability, and redundancy at the molecular level 16, 26, 27 .
Experimental design
Reverse transcription-specific target amplification (RT-STA) master mix preparation. Single-cell real-time PCR does not require RNA isolation because of the fact that the sample is a single cell, and therefore only contains picograms of RNA, which would be lost during a traditional RNA isolation (Fig. 1) . Instead, the sorted cell is directly introduced into the RT-STA master mix. To achieve optimal sample preservation, this master mix contains 2× CellDirect reaction mix (CellsDirect One-Step qRT-PCR kit) and SUPERase-In, an enzyme that protects RNA extracted from a lysed cell from any RNases that could be present in the RT-STA master mix. The master mix also presents a pool of all Taqman primers that will be studied later during the real-time PCR on the dynamic array. Finally, the master mix contains a mixture of two different enzymes for the RT-STA reaction. SuperScript III reverse transcriptase, an improved engineered enzyme version with reduced RNase H activity and increased thermal stability, is capable of synthesizing specific cDNA from a total RNA sample. The second enzyme in the master mix, Platinum Taq DNA polymerase, incorporates an antibody for the inhibition of polymerase activity at room temperature (25 °C). Its automatic 'hot start' allows for full polymerase activity restoration, thus increasing the amplification efficiency.
Controls. Each chip run should include positive and negative RNA controls. When sorting the cells into the 96-well plate containing the RT-STA master mix, at least 4 wells can be left empty (no cell will be sorted into these wells). Two of these wells are used as positive controls, and they will have 1 µl per well of positive RNA control at a concentration of 0.1 µg µl
. The other two wells are left empty. The guiding principle in choosing the positive RNA control is to obtain high numbers of all assayed transcripts, such as total RNA extracted from a cell line known to express the desired genes at high levels. For instance, to represent genes associated with development, testes RNA (human testes total RNA) can be used.
Cell sorting. Although single-cell qRT-PCR is a useful tool for any type of cell, this protocol focuses on pluripotent cells, such as hESCs and hiPSCs. Both cell types are cultured on Matrigel-coated plates under conditions that promote an undifferentiated state. Despite these culturing conditions, spontaneous differentiation may occur at the edge of the colonies. To exclude partially differentiating cells from the analysis, hESCs and hiPSCs are fluorescently labeled using the pluripotency markers SSEA-4 (stage-specific embryonic antigen-4) and Tra- 1-60 (refs. 28,29) as targets, as well as propidium iodide (PI) to distinguish the live cell population. When sorting cells for transcriptome studies, it is important to choose suitable cell surface markers that do not alter the transcriptome profile because of changes in signaling pathways. Cells that are positive for Alexa Fluor 647-conjugated SSEA-4 and Alexa Fluor 488-conjugated TRA-1-60 are sorted using 488-nm and 640-nm lasers and 525/50 and 670/30 band-pass filters, respectively. By a highly automated process, one double-positive, live cell is directly sorted into each well of a 96-well plate. Flow rates are set at 1,000-2,000 events per second. Cell sorting is performed with a five-laser (355 nm, 405 nm, 488 nm, 532 nm and 640 nm) FACSAria II and FACSDiva software (http://facs.stanford. edu/). The stages of FACS calibration are outlined in Table 1 .
Reverse transcription and specific target amplification. To characterize complex cellular states at the single-cell level using Dynamic Array integrated fluidic circuits (IFCs), several different steps must be followed for sample preparation. Before the qRT-PCR, reverse transcription and specific target amplification in a thermal cycler suitable for 96-well plates are necessary. Both reactions occur in the same well that a particular cell was sorted into. After cells have been lysed in the RT-STA buffer by the hypotonic pressure-driven influx of fluids through their cell membranes, RNA is released and reverse transcribed at 50 °C for 15 min by the SuperScript III reverse transcriptase. After cDNA synthesis, the reverse transcription reaction is inhibited and Platinum Taq DNA is activated at 70 °C for 2 min. Activation of the enzyme is followed by specific target amplification for 18 cycles, each cycle consisting of a denaturation step (95 °C for 15 s) followed by annealing/extension (60 °C for 4 min). The specific target transcript amplification by Platinum Taq is required before real-time PCR by the microfluidic array, because the amounts of RNA present in a single cell are on the order of picograms, and they can be as low as 1-10 molecules for rare mRNA species of interest. The Dynamic Array microfluidic chip operates by partitioning the sample into 48 (or 96) microfluidic chambers and performing qPCR detection and quantification for a specific gene in each chamber. The specific target amplification enriches all loci of interest such that the cDNA synthesized from those loci can later be distributed evenly throughout the 48 (or 96) Dynamic Array chambers, with each chamber having at least 100 copies of even the rarest target transcript. Without this first amplification round, the target genes would not be efficiently detected by Dynamic Array IFCs.
Dynamic array IFCs. Two Dynamic Array IFC sizes are available for the single-cell real-time PCR in nanoliter reaction volumes: 48 × 48 and 96 × 96. In this protocol, we focus on the use of 48 × 48 Dynamic Array IFCs, which are run in the BioMark HD reader. With this array, the expression levels of 48 genes may be studied. Among the 48 genes, there should be at least one housekeeping gene that reflects the amount of RNA supplied and is necessary for result data normalization. The suitability of housekeeping genes depends on the cell type and the experimental setup. The most abundant and stable housekeeping gene, and therefore the one that is most widely used, is the one encoding ribosomal RNA 18S, which is also the one selected in the current experimental protocol. The chip is built as a matrix of 48 (or 96) 'sample' channels crossing 48 (or 96) 'gene expression assay' channels intersecting in 48 × 48 = 2,304 (or 96 × 96 = 9,216) chambers 30 . In each of these chambers, a specific sample (single-cell cDNA) is combined with a specific gene expression assay. Each gene expression assay consists of a pair of primers targeting the gene of interest, in addition to a gene-specific dual-labeled hydrolysis probe or a dsDNA-binding dye. In each of these chambers, a single real-time qPCR reaction takes place. Dynamic Array IFCs offer the opportunity to combine different standard reagents, an advantage that makes the assay configuration more flexible. The protocol we detail here is intended for the use of Taqman primers. Alternatively, DNA-binding dyes such as EvaGreen (Biotium) may be used, allowing for a more affordable selection of real-time PCR primers.
Single-cell real-time PCR results. In this study, the single-cell realtime PCR results are shown as threshold cycles (C T ). A C T value, which measures target transcript abundance in the sample, is defined as the qPCR cycle for which the relative fluorescence intensity exceeds a common threshold within the exponential qPCR amplification phase. The primary data obtained are compatible with different gene expression software. •
proceDure preparation of the rt-sta master mix • tIMInG ~1 h 1| Thaw the 2× CellsDirect reaction mix located in the CellsDirect one-step qRT-PCR kit on ice, as well as the 20× Taqman assays (Taqman primers) of interest.
2|
Prepare the assay mix in a 1.5-ml tube. This assay mix contains all Taqman assays that will be studied in the single-cell real-time PCR. Concentrations of the Taqman assay used in the mix will be 0.2×. Use TE buffer to dilute the Taqman assays. For instance, if the final volume of the assay mix is 150 µl and there are 48 genes to be studied, add 1.5 µl of each Taqman assay and subsequently adjust the total volume up to 150 µl with TE buffer. 
6|
When the cells reach an appropriate density (60-70%), remove the cell culture medium and wash once with warm DPBS.
7| Add 1 ml of Accutase per well of a six-well plate.
8|
Monitor the cells under the microscope and leave the Accutase until colonies start to disaggregate into single cells (Fig. 2a) .
9|
Remove the Accutase, leaving the cells slightly wet.
10|
Return the six-well plate into the incubator at 37 °C for 3 min (Fig. 2b) .
11|
Immediately add 1 ml of mTeSR-1 to the six-well plate.
12| Scrape the colonies with a cell scraper if some are still attached to the bottom of the plate.
13|
Collect the cells and transfer them into a 15-ml centrifuge tube.
14|
Centrifuge the cells at 200g for 5 min at room temperature and remove the supernatant.
15|
Resuspend the cell pellet in 1 ml of DPBS.
16|
Transfer the cells to a FACS tube after passing them through a 40-µm strainer or use FACS tubes with cell-strainer caps.
17| Take 10 µl of the cell suspension and mix it with trypan blue in a 1:1 ratio. Load the mixture of cell suspension and trypan blue into a counting slide chamber and count the cells in an automated cell counter. Alternatively, the cell number can be determined by loading the mixture of cell suspension and trypan blue into a hemocytometer and counting the cells under a regular bright-field microscope. 
18|

34|
Hold the chip in a 45° angle. Inject control line fluid into both sides of the chip by introducing the syringe through the inlets without bending the pipette tip, and by pushing down the black O-ring.
35|
Once the fluid has been injected and the syringe removed, ensure that the O-ring is returned to its original position.  crItIcal step Ensure that there are no drops of control line fluid on the chip or in the inlets, as this would cause the chip to be unusable.
36|
Place the chip in a bay of the NanoFlex IFC controller.
37|
Introduce the chip ID, which corresponds to the barcode.  crItIcal step Type the barcode number correctly, because it is identical to the identification number for this real-time PCR on the BioMark system.
38|
Assign a name to the experiment and enter operator information into the computer software.  crItIcal step The chip should be loaded with samples and assays no later than 60 min after priming the chip.
42| Take 5 µl from each well of the assay mix that was prepared on the left side of the 96-well plate in Step 30 and transfer it to a chip well on the left side of the chip following the distribution presented in Figure 3 . Do the same with the sample mix that was prepared on the right side of the 96-well plate in Step 31 and transfer it to the right side of the chip (Fig. 3) .  crItIcal step It is crucial to avoid producing any bubbles inside the chip wells when combining assay and sample mixes. To avoid bubbles, press the pipette only until the first stop.
43|
Place the chip back onto a bay of the NanoFlex IFC Controller machine.
44|
Enter the chip barcode and operator information to the computer software. Samples   A1  A2  B1 B3 B5  B6  B4  B2  C1  C2  D1  D2  E1  E2   E3  E4   E5  E6  F1  F2   F3  F4   F5  F6  G1  G2   G3  G4   G5  G6  H1  H2   H3  H4   H5  H6   D3  D4   D5  D6   C3  C4   C5  C6   A4   A3 A5  A7 A9 A11  A12  A10  A8  B7 B9 B11  B12  B10  B8  C7 C9 C11  C12  C10  C8  D7 D9 D11  D12  D10  D8  E7 E9 E11  E12  E10  E8  F7 F9 F11  F12  F10  F8  G7 G9 G11  G12  G10  G8  H7 H9 H11  H12  H10 
45|
57|
Open the chip run to be analyzed.
58|
Select 'Analysis view' .
59|
With the view of the results, change any parameter of interest, such as the threshold or baseline correction. Click 'Analyze' .
60|
The results are shown as C T values. The C T values can be seen in the software as a heat-map view, image view or results table. Export all formats with the ' .csv' extension (Fig. 4) . ? troublesHootInG
61|
The data can be visualized and fully analyzed using Fluidigm real-time PCR analysis or any program for gene expression arrays. The heat map shows C T values encoded by different colors. Positive controls will show results for all the studied genes, whereas negative controls will not show any C T value (encoded in black). Good samples will have high C T values for the housekeeping gene, whereas a bad sample or chip run will not show housekeeping gene C T values or these will be contradictory. Among the good samples, there will be genes that are highly expressed compared with others that are barely detected. It is also possible that C T values are not obtained for a specific gene, which can be interpreted as a lack of expression in this particular cell sample.
